Adsorption of hydrogen, methane, and other hydrocarbons in porous carbonaceous materials shows promise for high-density storage of hydrogen-rich molecules.^[@ref1]−[@ref9]^ Methane is of interest because of its dominance in natural gas and potential use in fuel cells; graphite, graphene, and bundles of nanotubes have been considered for its storage.^[@ref10],[@ref11]^ Gases adsorbed on graphitic nanostructures are also of interest in basic science because the systems exhibit fascinating phenomena that depend on the dimensionality and corrugation of the surface.^[@ref3],[@ref12]^ Weak corrugation arises from the atomistic structure of graphite or graphene; over curved convex surfaces, the adsorption energy decreases, whereas the strength of the corrugation increases.^[@ref13],[@ref14]^ Bundles of nanotubes^[@ref14]−[@ref19]^ and layers of fullerenes^[@ref20],[@ref21]^ offer additional, stronger adsorption sites. However, experiments involving nanotubes are hampered by their heterogeneity, the presence of impurities including metal catalysts used for tube synthesis, and the presence of uncapped tubes; these factors make it difficult to determine the nature, storage capacities, and energies of adsorption sites.^[@ref2],[@ref16]−[@ref19]^

Some of these difficulties may be avoided in experiments on individual nanotubes,^[@ref22]^ but questions remain about the exact nature of those tubes,^[@ref23]^ and they do not offer sites characteristic of bundles. In the present work, we solve the problem by studying small C~60~ aggregates, which represent, in a way, the ultimate bundle of capped, single-walled nanotubes; they are strictly uniform, with the smallest possible values for length (zero) and diameter (10 Å). They offer the same types of adsorption sites as bundles of nanotubes, namely, groove sites between adjacent tubes, and registered exterior sites.^[@ref14]−[@ref16],[@ref19],[@ref24]^ For C~60~ trimers and beyond, they also offer dimple sites that are characteristic of close-packed layers of C~60~.^[@ref20]^ We determine the adsorption capacity in the various sites by direct weighing, that is, by mass spectrometry.

CH~4~ is adsorbed on C~60~ aggregates by passing cold, superfluid helium nanodroplets through cells that contain C~60~ and CH~4~ vapor at suitably chosen pressures.^[@ref25],[@ref26]^ A section of a mass spectrum of C~60~(CH~4~)~*n*~ is displayed in Figure [1](#fig1){ref-type="fig"}a. For each value of *n*, a group of peaks spaced by 1 u is observed. Two factors cause these multiplets, (i) contributions from ions that contain one or more ^13^C isotopes (natural abundance 1.07%) and (ii) contributions from "nonstoichiometric" ions that result from ion--molecule reactions after ionization.^[@ref27],[@ref28]^ \[C~60~(CH~4~)~*n*−1~CH~5~\]^+^ is the most abundant of these; others have the composition \[C~60~(CH~4~)~*n*−2~C~2~H~*x*~\]^+^, with *x* ≤ 7. Our focus is on the dominant series, stoichiometric \[C~60~(CH~4~)~*n*~\]^+^.

![Mass spectra of helium droplets doped with C~60~ and CH~4~. The most prominent ions have the stoichiometry \[(C~60~)~*m*~(CH~4~)~*n*~\]^+^, with *m* = 1--5 (a--e). The sections shown reveal the most significant abundance anomalies for each series.](jz-2012-01106x_0001){#fig1}

The abundance of \[C~60~(CH~4~)~*n*~\]^+^ (Figure [1](#fig1){ref-type="fig"}a) features a prominent local maximum at *n* = 32, which coincides with the number of pentagonal (12) and hexagonal (20) faces of C~60~. Thus, in agreement with recent studies of \[C~60~He~*n*~\]^+^ and \[C~60~(H~2~)~*n*~\]^+^,^[@ref29],[@ref30]^ adsorption of one molecule per fullerene facet produces ions of enhanced stability (the correlation between ion abundance and energetic stability has been discussed elsewhere^[@ref31]^).

The size dependence of the abundance of methane adsorbed on aggregates of C~60~, \[(C~60~)~*m*~(CH~4~)~*n*~\]^+^ exhibits anomalies in the mass regions displayed in Figure [1](#fig1){ref-type="fig"}b--e. Abrupt, statistically significant drops occur at \[(C~60~)~2~(CH~4~)~7~\]^+^, \[(C~60~)~3~(CH~4~)~13~\]^+^, \[(C~60~)~4~(CH~4~)~16~\]^+^, and \[(C~60~)~5~(CH~4~)~21~\]^+^.

The abundance of \[(C~60~)~*m*~(CH~4~)~*n*~\]^+^ extracted from mass spectra is summarized in Figure [2](#fig2){ref-type="fig"}a. The C~60~ aggregates feature one or two clearly discernible anomalies up to the C~60~ pentamer; anomalies are particularly strong for the tetramer. The analysis of complexes containing more than 44 CH~4~ units is problematic because (CH~4~)~45~ has the same nominal mass as C~60~. Nevertheless, motivated by calculations discussed below, we have been able to determine the abundance of \[(C~60~)~2~(CH~4~)~*n*~\]^+^ up to *n* = 70 by optimizing the partial pressures of C~60~ and CH~4~ in the cells where helium nanodroplets are doped. A local maximum is observed at *n* = 56 (see the inset in Figure [2](#fig2){ref-type="fig"}).

![Ion abundance of C~60~--CH~4~ complexes deduced from mass spectra. The main panel displays data for \[(C~60~)~*m*~(CH~4~)~*n*~\]^+^ versus *n* on a logarithmic scale for complexes containing up to six C~60~; also shown is the abundance of \[C~70~(CH~4~)~*n*~\]^+^. Statistically significant anomalies are labeled with the value of *n*. The abundance of \[(C~60~)~2~(CH~4~)~*n*~\]^+^ at around *n* = 56 is displayed in the inset.](jz-2012-01106x_0002){#fig2}

Also shown in Figure [2](#fig2){ref-type="fig"}a are data for \[C~70~(CH~4~)~*n*~\]^+^; they feature an anomaly at *n* = 37, very similar in shape to that at \[C~60~(CH~4~)~32~\]^+^. In fact, the interpretation is the same: the system attains high stability when each of the 37 faces of C~70~^+^ (which has 12 pentagons + 25 hexagons) is decorated by one CH~4~.

Insight into the origin of the anomalies in the ion abundance is gained from molecular dynamics (MD) simulations for charged C~60~ aggregates complexed with CH~4~. The CH~4~ adsorption energy is highest when one of the four faces of the CH~4~ tetrahedron is parallel to a hexagon of C~60~^+^, with a binding energy of 117 meV. For the neutral complex, the value is 115 meV. One reason for this surprisingly small effect of the C~60~ net charge is the low partial charge (∼0.02 e~0~) per carbon atom, of which only approximately six are so close to CH~4~ that the short-ranged polarization/induction makes a difference.

The corresponding values over pentagons are 115 and 108 meV, respectively, higher than the 96 meV computed by Akai et al. for CH~4~ on graphene.^[@ref14]^ The bond strength of the CH~4~--CH~4~ dimer is an order of magnitude weaker (10.8 meV). Thus, the \[(C~60~)~*m*~(CH~4~)~*n*~\]^+^ system is dominated by the \[C~60~--C~60~\]^+^ interaction (413 meV with the PBE1PBE functional without counterpoise) and the CH~4~--substrate interaction.

Figure [3](#fig3){ref-type="fig"} shows representative snapshots of charged aggregates containing 2--4 C~60~ plus 80 CH~4~. Color indicates the energy of adsorbed CH~4~, computed as a sum over all pairwise interactions. Molecules in the "grooves" between any pair of adjacent fullerenes are strongly bound; these regions are most clearly seen, and marked, in the bottom of Figure [3](#fig3){ref-type="fig"}a (dimer) and b (trimer). A subset of groove sites are those that are equidistant to three C~60~; these "dimple" sites are located on the *C*~3~ symmetry axes of the trimer and tetrahedral tetramer; in the projected view of the trimer, they appear at the center (bottom of Figure [3](#fig3){ref-type="fig"}b).

![Energy-resolved snapshots of C~60~ dimer, trimer, and tetramer ions (a--c) with 80 adsorbed CH~4~. Each complex is viewed from two different perspectives. CH~4~ molecules are represented as spheres even though the energy dependence of their orientation is included in the calculations. The color of the molecules represents their energy, computed as a sum over all pairwise interactions with the fullerenes and all other CH~4~. Strongly bound methanes (blue) reside in the "grooves", which are marked by arrows for the dimer and trimer.](jz-2012-01106x_0003){#fig3}

A layer of more weakly bound molecules wraps around the C~60~ aggregate. For the dimer, this first layer resembles the shell of a peanut; its members appear white in Figure [1](#fig1){ref-type="fig"}a or blue because groove sites are a subset of the first layer. In the following analysis, we will attempt to determine the exact number of molecules in these various adsorption sites and compare them with experiment.

Simulations were run for charged C~60~ aggregates with 50, 80, or 500 CH~4~ attached. Calculations with more than 500 molecules were too time-consuming; calculations with 50 or 80 molecules revealed some features more clearly. Molecular coordinates and energies were registered every 2 ps over a simulation time of 400 ps. From these data, we extracted the time-averaged spatial and energy distributions of the adsorbate; they are presented in Figure [4](#fig4){ref-type="fig"} as histograms for the fullerene monomer through tetramer. The upper-left histogram in each group shows the spatial distribution of CH~4~ versus the distance from the center of the nearest fullerene (*r*~min~). For the monomer, this is simply the radial distribution; the first layer is comprised of 32 molecules and has a very narrow distribution that peaks at *r* ≈ 6.75 Å. Additional molecules are located at much larger distances. In other words, the commensurate layer with one CH~4~ per fullerene facet completes the first monolayer. The situation contrasts with the results observed for He, where the commensurate layer with 32 He leaves room for 28 additional He at nearly the same distance from the C~60~ center.^[@ref29]^ The size of CH~4~ happens to be just right to make the commensurate layer coincide with the first complete monolayer; the effect of this shell closing on the binding energy and ion abundance is consequently large.

![Structures and energetics extracted from MD simulations. For each panel, the histogram to the upper left (blue) represents the number of adsorbed CH~4~ in \[(C~60~)~*m*~(CH~4~)~500~\]^+^ versus the distance from the center of the nearest fullerene; solid lines represent the accumulated sum ∑ of molecules. These histograms reveal the number of molecules in complete adsorbate layers. The histograms below (in red) reveal the number of molecules that are located in groove or dimple sites. The energy histograms (green) show the number of adsorbed molecules versus their energy.](jz-2012-01106x_0004){#fig4}

The C~60~ dimer ion (Figure [4](#fig4){ref-type="fig"}b) features a similarly distinct first layer with 58 molecules (the computed value depends slightly on the total number of adsorbed CH~4~; the simulations shown here involved 500 CH~4~). The value is in good agreement with the experimental value, *n* = 56 (Figure [2](#fig2){ref-type="fig"}b). The calculations predict similarly distinct adsorbate layers of ∼80 molecules for (C~60~)~3~^+^ (see the upper-left histogram in Figure [4](#fig4){ref-type="fig"}c) and ∼100 for (C~60~)~4~^+^ (Figure [4](#fig4){ref-type="fig"}d), which are beyond the reach of experiments.

In order to reveal the number of adsorbate molecules that reside in groove sites, we present histograms in Figure [4](#fig4){ref-type="fig"} that count molecules within a thin layer located midway between pairs of adjacent C~60~. A molecule is considered to be in a groove site if the distances to the two nearest C~60~ are equal within a tolerance ε = 1 Å. The histograms reveal that 7, 13, and 17 molecules reside in groove sites of the dimer, trimer, and tetramer, respectively; the values agree nicely with the observed anomalies at 7, 13, and 16 in the abundance of the corresponding ions.

The calculated values do not change if *n* and the tolerance ε are varied within reasonable bounds. For example, we have obtained the same number of groove sites for *n* = 80; for even larger values of *n*, one observes the onset of a second layer in the groove region. Features become blurred if large numbers (500) of CH~4~ are adsorbed; they exert additional forces on the innermost layer. In a future publication, we will explore the effects of *n* and ε in more detail.

Another way to reveal the adsorption capacity of specific sites is by looking at the energies of adsorbate molecules. After all, it is the adsorption energy that will directly affect the experimental abundance distributions.^[@ref29],[@ref31]^ The corresponding energy histograms in Figure [4](#fig4){ref-type="fig"} confirm our conclusions drawn so far; 32 molecules are particularly strongly bound to C~60~^+^. For the dimer, the seven CH~4~ in groove sites are most strongly bound. In MD simulations of \[(C~60~)~2~(CH~4~)~500~\]^+^ (not shown), this feature becomes blurred, but instead, the completion of an adsorbate layer at *n* ≈ 58 appears. Thirteen CH~4~ in groove sites are energetically favored for the C~60~ trimer (Figure [4](#fig4){ref-type="fig"}c). There is a hint of substructure, with two very strongly bound molecules in the two dimple sites of the C~60~ trimer. The energy histogram of the tetramer (Figure [4](#fig4){ref-type="fig"}d) shows a distinct substructure, namely, 4 molecules in the dimples of the tetrahedral C~60~ tetramer plus 13 additional molecules in groove sites.

This substructure can, indeed, be identified in the experimental ion abundance if the data are divided by a smooth function, a standard procedure in cluster science.^[@ref32],[@ref33]^ We chose a third-order polynomial that was fit to nine data points. Details of the procedure have been discussed previously;^[@ref31]^ results are shown in Figure [5](#fig5){ref-type="fig"}. Anomalies appear at *n* = 2 for the trimer and 4 for the tetramer, in excellent agreement with theory (and straightforward geometric reasoning).

![The experimental ion abundance divided by a smooth function reveals another, rather weak anomaly. For the C~60~ trimer and tetramer, the numbers (2 and 4, respectively) agree with the number of dimple sites.](jz-2012-01106x_0005){#fig5}

The anomaly observed at *n* = 7 for the pentamer is not yet understood though. Calculations with a variety of realistic interaction potentials predict that the energetically preferred structure of (C~60~)~5~ is the trigonal bipyramid^[@ref34],[@ref35]^ which has six trigonal faces, that is, six dimple sites. The positive charge could possibly change the structure, but the square pyramid that is the second best structure for neutral systems provides no rational either; it would have five dimple sites, four at the centers of the trigonal faces and one at the square.

In conclusion, we have identified four different sites for adsorption of CH~4~ on charged, isolated aggregates of C~60~. The nature and energies of the sites are revealed by MD simulations; they correspond to sites over the hexagonal or pentagonal facets of C~60~, groove sites for the dimer and beyond, dimples sites for the trimer and beyond, and the first complete adsorption layer for the dimer. Excellent agreement between experiment and theory is obtained for the storage capacity of the sites.

Methods {#sec2}
=======

*Experimental Section.* Aggregates of C~60~ or C~70~ were synthesized and subsequently exposed to methane inside of superfluid helium nanodroplets. The nanodroplets were produced by expanding helium from a stagnation pressure of approximately 2 MPa through a 5 μm nozzle, cooled to about 8 K, into vacuum. The average number of helium atoms per droplet formed in the expansion was on the order of 5 × 10^5^; the droplets cool to a temperature of ∼0.37 K by evaporation.^[@ref25],[@ref36]^ The skimmed supersonic beam of helium droplets traversed two pickup cells. The first cell was filled with low-pressure C~60~ or C~70~ (SES Corp., purity 99.95%), which was vaporized from a crucible; methane at partial pressures ranging from 1 × 10^--3^ to 4 × 10^--3^ Pa was present in the second cell. Fullerene--methane complexes grew in the helium droplets upon successive collisions with the dopant molecules.^[@ref25],[@ref26]^ In some experiments, the droplets were doped with CH~4~ before being doped with C~60~; in another set of experiments, only one pickup region filled with C~60~ and CH~4~ was used. The different procedures resulted, by and large, in similar mass spectra. After the pickup region, the doped helium droplets passed a region in which they were ionized by electron impact at 70 eV. Cations were accelerated into the extraction region of a commercial time-of-flight mass spectrometer equipped with a reflectron; its mass resolution was about Δ*m*/*m* = 1/5000. Additional experimental details have been described elsewhere.^[@ref37],[@ref38]^

*Theory.* We used classical MD simulations in combination with force fields constructed from quantum mechanical calculations. In the MD simulations, C~60~ and CH~4~ were considered rigid. The fullerene aggregate was space-fixed at its optimized geometry; one of the fullerenes carried the charge. The intermolecular forces were represented by analytical atom--atom pair potentials. For the fullerene--methane force field, density functional calculations with the long-range and dispersion-corrected density functional ωB97X-D^[@ref39]^ in combination with Pople\'s^[@ref40]^ 6-31g(d,p) basis set (976 points) were performed. Methane was, as expected, slightly deeper bound to C~60~^+^ than to neutral C~60~; otherwise, the potentials were very similar. The database for the methane--methane force field was derived from coupled cluster CCSD^[@ref41]^ calculations with Dunning\'s^[@ref42]^ correlation-consistent triple-ζ (cc-pVTZ) basis set (816 points).The analytical force fields were retrieved by a nonlinear fitting procedure. The DL_POLY_4 simulation package^[@ref43]^ was used for the MD simulations (simulation parameters: *T* = 4 K, Δ*t* = 2 fs, overall simulation time 400 ps), while for the quantum chemical calculations, the Gaussian 09 A.02 program suite^[@ref44]^ was used.
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